The three-dimensional structure of the nickel-containing hydrogenase from Thiocapsa roseopersicina has been determined at a resolution of 2 nm in the plane and 4 nm in the vertical direction by electron microscopy and computerized image processing on microcrystals of the enzyme. The enzyme forms a large ring-shaped complex containing six each of the large (62-kDa) and small (26-kDa) subunits. The complex is very open, with six well-separated dumbbell-shaped masses surrounding a large cylindrical hole. Each dumbbell is interpreted as consisting of one large and one small subunit.
The biological importance of nickel has only recently been recognized (15) . Nickel is now known to be an essential micronutrient for many microorganisms, and it is found in enzymes involved in ureolysis, hydrogen metabolism, methane biogenesis, and acetogenesis (5) . For a comprehensive review of nickel-containing proteins and the role of nickel in cells, see reference 9.
Hydrogenase (hydrogen:ferricytochrome-c3 oxidoreductase, EC 1.12.2.1) is the key enzyme in H2 metabolism in many microorganisms. It catalyzes the reversible oxidoreduction of molecular hydrogen according to the reaction H2 = 2H+ + 2e-. All known hydrogenases are iron-sulfur proteins, and some of them contain nickel (1) . The molecular weights, subunit compositions, stabilities, and other properties vary (1, 4) . Many are otj-heterodimers, with a large subunit of about 60 kDa and a smaller one of about 30 kDa (8) . In methanogens, the nickel has been shown (11) to be bound to a tetrapyrrole ring called F430, reminiscent of the iron-binding heme group and the magnesium-binding chlorophyll.
The amino acid sequences of the two subunits of the [NiFe] hydrogenase from Desulfovibrio gigas and the corresponding subunits of the [NiFeSe] hydrogenase from Desulfovibrio baculatus show a high degree of homology (16) .
Until now, three-dimensional (3D) structural information on nickel-containing enzymes has been scarce. In spite of urease being the first enzyme ever to be crystallized (14) and studied by X-ray diffraction (2), the structure of this protein has still not been determined by X-ray crystallography. Recently, two hydrogenases have been crystallized in forms suitable for analysis by X-ray diffraction, those from D. gigas (10) and Desulfovibrio vulgaris (7), but the structures have not yet been solved.
The only 3D structural information on nickel-containing enzymes comes from low-resolution electron microscopy studies of individual molecules of methyl reductase and F420-reducing hydrogenase (17) and urease (3) . Differently sized aggregates were found, but trimeric and hexameric * Corresponding author.
arrangements, sometimes in the shape of a ring, were frequently seen in all cases.
There are several problems in using single particles for structural studies by electron microscopy. First, the resolution is low, about 5 nm, which is about the size of a 60-kDa protein. Second, different particles may be seen from a variety of directions, but it is difficult to know the exact orientation of each particle.
If a protein can be obtained in crystalline form, a detailed structural analysis becomes feasible. Even very small microcrystals of some hundreds of molecules are sufficient for structure determination by electron microscopy. In a crystal, the orientations of individual molecules are fixed, and it is possible to determine 3D structure by taking a series of pictures at different known angles of tilt.
We present here the first medium-resolution 3D structure of a nickel-containing enzyme, the hydrogenase of Thiocapsa roseopersicina. The structure was determined by electron microscopy and crystallographic image processing.
The molecular masses of the two subunits in D. gigas were calculated from the amino acid sequences to be 62 and 26 kDa (16) . These may also be used as the best estimates for the molecular masses of the hydrogenase subunits in T. roseopersicina, since the hydrogenase subunits from these two organisms have nearly identical retention values by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8) .
The enzyme from the phototropic bacterium T. roseopersicina is very stable and shows high activity at 70°C for a long time. The enzyme contains one nickel atom and a single iron-sulfur cluster per ot3-heterodimer. Metal chelators do not affect the activity, indicating that iron and nickel are tightly bound to the apoprotein. The hydrogenase from T. roseopersicina is a hydrophobic protein of pl 4.2.
MATERIALS AND METHODS
The hydrogenase was purified from the cells of the phototropic bacterium T. roseopersicina BBS by the procedure described previously (12) , but with the following modifica- tions. Between the two Phenyl-Sepharose CL-4B column separation steps, a gel filtration on Sephacryl S-300 was used for a separation according to molecular size. The final purity of the protein was checked by PAGE, which showed a single band corresponding to the a3-heterodimer when the gels were run without SDS and two bands corresponding to the two subunits when they were run with SDS ( Fig. 1) The crystals were negatively stained with 2% uranyl acetate. Electron micrographs were taken (magnification, x47,000) on a Philips EM420. For the 3D analysis, several tilt series of up to 450 angles of tilt were taken. Electron micrographs of single-layered crystals were analyzed in an optical diffractometer, and only well-focused images with high resolution information (i.e., at least 5 diffraction orders) were further processed.
Selected well-ordered areas of the crystals were digitized on a Joyce Loebl Microdensitometer 6 by using a raster size of 40 ,um. Areas of 256 by 256 pixels, covering 1 cm2 on the electron micrograph, were scanned. Such an area contains about 200 unit cells. The Fourier transforms of the digitized areas were calculated on a VAX 11/750 computer, and the amplitude part of the Fourier transform was displayed on a Digital VS11 color graphics display. The diffraction patterns were indexed and the lattice vectors were refined by using a least-squares procedure. Amplitudes and phases were extracted from the Fourier transforms and the phase origin was refined as described previously (13) . The image analysis software used was developed in Stockholm on the basis of the programs from the Medical Research Council Laboratory of Molecular Biology in Cambridge. The 3D reconstruction was carried out according to the method of Henderson and Unwin (6) . RESULTS 
AND DISCUSSION
Electron micrographs of negatively stained preparations of the enzyme before crystallization (Fig. 2) variety of views. Among these were rings with diameters of 11 nm and rectangles of 11 by 8 nm. We have interpreted these features as two perpendicular views of the hydrogenase complex.
Large well-ordered crystals (Fig. 3) were formed. The crystals were made up of rings, easily recognizable as the same as the rings mentioned above. The symmetry as seen in the diffraction pattern (Fig. 4) was hexagonal, with unit cell dimensions of a = b = 12.2 nm and -y = 1200. From side views of individual molecules, the height of the molecule was estimated to be about 8 nm.
In projection, the hydrogenase has the shape of a ring of about 11-nm diameter, with a 5-nm-wide hole in the center. There are two possible symmetries compatible with the projection data, either p6 with all the monomers pointing in the same direction or p32 with alternating monomers pointing in opposite directions. These two symmetries can be distinguished by the amplitude and phase relations of the 3D reflections. The numerical values for the phases and amplitudes indicated that the p32 symmetry was the correct one, and so the 3D reconstruction was done with this symmetry imposed. The p32 symmetry has two symmetry elements, one threefold and one twofold rotation axis. These rotation axes are perpendicular, so that the threefold axis coincides with the center of the ring while the twofold axis runs in the plane of the crystals, thus relating the upper and lower halves of the complex to each other.
The 3D structures were obtained by merging data from three tilt series with data from three different single-layer crystals. Altogether, data from 22 electron micrographs of between -43°and +49°tilt were included in the image processing.
The hydrogenase hexamer is shaped like a cylinder with a diameter of 11 nm and a height of 8 nm. There is a wide hole of 5-nm thickness of the walls of the cylinder is about 3 nm. There are 12 distinct domains in the enzyme complex (Fig. 5) . The structure may be described as consisting of two rings, one on top of the other and with six domains in each ring. These rings are slightly offset relative to each other so that the lower ring is rotated by about 15° (Fig. 5a ) about the threefold axis. The tentative ac-heterodimers of 88 kDa are dumbbell-shaped with two distinct domains, one in the upper and one in the lower ring ( Fig. 5b and c) . At the present resolution (2 nm in the plane of the crystals and about 4 nm in the perpendicular direction), the two domains of the a,B-heterodimer are very similar. The twofold axes penetrate the complex between pairs of ota-heterodimers in such a way that one heterodimer has the a subunit pointing upwards while the other has its a subunit pointing downwards.
The estimated volume of an a6P36 hexamer of 62-and 26-kDa subunits (total molecular mass, 528 kDa) is 630,000 A3, given that the density of proteins corresponds to a volume of 1.2 A3 per Da. That volume is close to the volume of the present model (580,000 A3).
Our results on both individual complexes and crystals of hydrogenase are in good agreement with earlier electron microscopy studies of related nickel-containing enzymes. It is tempting to predict that the a6P6 ring is a common structure for hydrogenases composed of two subunits of about 60 and 30 kDa. On the other hand, it is a puzzling fact that none of the 3D crystals of hydrogenase that have been studied by X-ray diffraction (7, 10) have hexagonal symmetry.
At the present resolution, it is not possible to localize the nickel atoms or iron-sulfur clusters. 
